Astract Several amino acids were found to undergo progressive age-dependent racemisation in the lifelong proteins of normal human lenses. The two most highly racemised were Ser and Asx. By age 70, 4.5% of all Ser residues had been racemised, along with >9% of Asx residues. Such a high level of inversion, equivalent to between 2 and 3 D -amino acids per polypeptide chain, is likely to induce significant denaturation of the crystallins in aged lenses. Thr, Glx and Phe underwent age-dependent racemisation to a smaller degree. In model experiments, D -amino acid content could be increased simply by exposing intact lenses to elevated temperature. In cataract lenses, the extent of racemisation of Ser, Asx and Thr residues was significantly greater than for agematched normal lenses. This was true, even for cataract lenses removed from patients at the earliest ages where age-related cataract is observed clinically. Racemisation of amino acids in crystallins may arise due to prolonged exposure of these proteins to ocular temperatures and increased levels of racemisation may play a significant role in the opacification of human lenses.
Introduction
Little quantitative data are available for the raft of changes that long-lived proteins undergo, although it is likely that age-dependent degradation of abundant proteins will result in measurable changes in the tissues of older people (Ritz-Timme and Collins 2002; Truscott 2010) . Several sites in the human body, including lung (Shapiro et al. 1991) , heart (Powell et al. 1992 ), brain (Shapira et al. 1988) , teeth (Helfman and Bada 1975) , skin (Verzijl et al. 2000) , intervertebral discs (Ritz and Schutz 1993) and cartilage (Maroudas et al. 1992) contain abundant proteins that are very long-lived, with half-lives measured in decades.
At other sites in the human body, proteins do not turnover at all. The most well-known tissue with such life-long proteins is the lens (Lynnerup et al. 2008) . The lens grows throughout life, with the accumulation of fibre cells over pre-existing cells that, during differentiation, lose all cellular organelles. In order for the lens to remain transparent, these lifelong proteins must retain their structure throughout the lifetime of the individual.
A number of post-translational modifications (PTMs) have been described in the proteins isolated from older human lenses (Nagaraj et al. 1991; MacCoss et al. 2002) . Some PTMs appear to be present at high concentrations (mol/mol protein). In older human lenses these include deamidation (Hains and Truscott 2010) , phosphorylation (Spector et al. 1985) , methylation (Lapko et al. 2003) and truncation (Srivastava and Srivastava 2003) . Oxidation of Cys and Met residues, while extensive in age-related nuclear cataract lenses (Truscott and Augusteyn 1977b; Garner and Spector 1980) , is a minor process in aged normal lenses (Wells-Knecht et al. 1993; Truscott 2005) .
Another PTM of lens proteins, about which little quantitative information is available, is racemisation. Asn residues can racemise readily due to the formation of a five-membered succinimide ring intermediate (Clarke 1987) . The other amidecontaining amino acid, Gln, undergoes a similar mechanism but at a slower rate (Robinson and Robinson 2004) . Racemisation is analysed using acid hydrolysis of proteins followed by the separation of the D-and L-forms of amino acids. During hydrolysis Asn is converted to Asp, so a combined figure for Asp+Asn (Asx) is obtained. D-Asx was reported to accumulate in normal lens proteins at a rate of 0.14% per year (Masters et al. 1977) . In addition, the D/L Asp ratio was higher in the water insoluble proteins (Masters et al. 1978) , which was interpreted as evidence for a loss of the native protein conformation. Subsequently Fujii's group (Fujii et al. 1999a) identified selected sites on proteins, such as alpha crystallin, as being particularly prone to racemisation.
In this paper, we examined racemisation of lens crystallins as a function of age, as part of a programme to quantify the major processes involved in age-dependent denaturation of long-lived proteins. In addition, the data from normal-aged lenses were compared with those from age-matched cataract lenses in order to provide a better understanding of the changes involved in the formation of cataract: the major cause of world blindness.
Materials and methods
Normal human lenses were obtained from the Sydney Eye Bank, with ethical approval from the University of Sydney and foetal lenses from the Endocrinology Department, Prince of Wales Hospital, Randwick, NSW, Australia. Cataractous lenses were obtained from the K.T. Seth Eye Hospital, Rajkot, Gujarat, India. Two normal lenses were examined per decade over the age range 0-86 years. Twelve cataractous lenses were graded according to the Pirie classification system (Pirie 1968) as follows: type I (40, 45, 55 years), type II/III (46, 50, 50, 60, 65, 65, 70 and 75 years) and type IV (80 years). All cataract lenses were stored at −80°C prior to analysis.
For the heating experiments, lenses dissected from fresh pig eyes (Crown pork, Strathfield, NSW, Australia) were incubated at 60°C in sealed humidified tubes as described previously (Heys et al. 2007) for 16 days, with two lenses removed at intervals. This temperature was used previously to promote racemisation of Asx in peptides (Fujii et al. 1996) .
For all lenses, the nucleus was separated from the cortex by coring through the visual axis with a 4.5 mm diameter trephine and removing ∼0.5 mm of newly synthesised lens material from each end of the core. In this study, only the nuclear regions were examined. Normal human and pig lens samples were homogenised with 7 M guanidine-HCl, 100 mM Tris, pH 8 while the cataract lenses were homogenised with the same buffer containing 50 mM DTT to ensure all proteins were solubilised (Truscott and Augusteyn 1977a) . The presence of DDT was shown not to affect racemisation of Ser or Thr but made a small reproducible difference for Asx (+0.95%) and the figures shown have been corrected for this. Overnight dialysis against four changes of distilled water was carried out at 4°C and the samples were freeze dried.
Amino acid analysis
Samples (∼0.5 mg) of the lyophilised lens proteins were weighed into glass vials and dissolved in 6 M HCl to a final concentration of ∼125 μM. Tubes were flushed with nitrogen, sealed and placed in an oven at 110°C. After 30 min, they were removed and the caps re-tightened (Kaufman and Manley 1998) . Samples were hydrolysed for 6 and 22 h. During acid hydrolysis, traces of metals can promote racemisation (Van Den Oetelaar et al. 1986 ). In order to reduce this background racemisation, lens proteins underwent extensive dialysis against Milli Q water and tubes were pre-extracted for 48 h with 6 M HCl at 100°C.
For high-performance liquid chromatography (HPLC) analysis, 25 μL of the hydrolysates were evaporated to dryness in a dessicator and dissolved in 400 μL of 0.01 M HCl containing 0.01 mM homoarginine (L-hArg) and 0.77 mM sodium azide. Four separate HPLC runs were carried out for all samples with two injections each from duplicate vials. Separation of D-and L-amino acids was obtained using HPLC (Agilent 1100) with derivatization of the amino acids performed on-line prior to injection, using the automated features of the Chemstation LC-3D software (Agilent Technologies, Victoria, Australia). The ophthaldialdehyde/N-isobutyryl-L-cysteine derivatizing reagent was drawn into the sample loop both before and after the sample, and solutions were mixed by a motorised plunger at room temperature before injection onto the reversed phase C18 column (Sigma #58355C30). Eluent A consisted of 23 mM sodium acetate, 1.5 mM sodium azide and 2.6 mM EDTA pH 6. Eluent B was 100% HPLC grade methanol. The amino acids were eluted using a linear gradient of 95% A and 5% B to 95% B and 5% A at a flow rate of 560 μL/min over 115 min. A fluorescence detector with excitation 230 nm and emission 445 nm was used and Chemstation LC-3D software used to calculate peak areas for quantification.
Statistical analysis
Linear regression analysis and Mann-Whitney U tests were performed using StatsDirect software Version 2.7.7 (StatsDirect Software Inc., San Diego, CA, USA). Simple linear regression analysis was performed on both normal and cataract samples to determine the amino acid racemisation as a function of age. Since Asx and Ser racemised rapidly in the first decade, the lines of best fit were determined using lens aged >12 years. The non-parametric Mann-Whitney U test was used to evaluate if the levels of D-amino acids in normal lenses were significantly different from those in cataract lenses (Harding 1984) . Since age-related cataract only becomes evident above the age of 40, only lenses >40 years were used for both data sets. A two-sided P value of less than 0.05 was considered statistically significant.
Results
Racemisation of amino acids was monitored by reversed phase HPLC (Kaufman and Manley 1998) that allows resolution of the D-and L-forms, and acid was used to hydrolyse the peptide bonds prior to HPLC. As depicted in Fig. 1 , good separations of D-and L-Asp, Glu, Ser, Thr, Ala, Val, Phe, Leu, and Ile were obtained. Retention times were highly reproducible and this analytical method allowed us to quantify the levels of eight amino acids.
Each sample was hydrolysed for both 6 and 22 h. Hydrolysis for 6 h minimises artefactual racemisation, and is used for young fossils, (Kaufman and Manley 1998) however, this time may not permit hydrolysis of all peptide bonds, so 22 h at 110°C was also utilised. Amino acid racemisation results for normal human lens proteins from the 6-and 22-h hydrolyses showed very similar trends for the percentage of D-amino acids as a function of age for Asx, Glx, Ser, Phe, Thr and Ala although, as expected, values from the 22 h digests were higher. Graphs for the 6 h hydrolyses are depicted in Figs 2, 3, 4, 5, 6, 7 and 8. Those from the 22-h hydrolyses are shown in Supplementary data. All values for racemisation of proteins from the centre of adult lenses were compared to those from foetal lenses as a baseline, since the amino acids in these proteins will be all in the L-form prior to hydrolysis. Such a procedure is valid because human lenses grow continuously throughout life with cells laid over the lens that was present at birth. The lens at birth can be considered as the nucleus of the adult lens and there is no compaction of the adult nucleus. (Fagerholm et al. 1981; Asx The values shown in Fig 2 reflect the racemisation of both Asn and Asp in proteins, since the side chain amide of Asn is hydrolysed with acid. In a pattern that was also shown with another amino acid that racemised significantly (Ser), there was a more rapid increase in racemisation in the early years, with 4% inversion occurring between ages 0 and 12. After this time, the rate of racemisation was linear. When cataract lenses were compared with normal lenses, it was apparent that there was a significant increase in the amount of D-Asx present at all ages. The slopes of the normal and cataract lines of best fit were almost identical (normal: 0.102; cataract: 0.117), however, the absolute values for cataract lenses were greater by approximately 4% at every age. As a consequence, cataract lens proteins from people aged 40, showed equivalent racemisation of Asn/Asp to those of 80-year-old normal lenses.
Ser
In normal lenses, the pattern for conversion of L-Ser to D-Ser matched closely that for Asx (Fig 3) . Half of the total inversion occurred in the first ∼12 years of life. After that, the rate of conversion of L-to D-Ser increased linearly at ∼0.4% per decade. The outcome of this process is that approximately 4.5% of all Ser residues in a 70-year-old normal lens nucleus are racemised.
By comparison with the normal lenses, the increase in the amount of D-Ser as a function of age in cataract proteins was smaller, and therefore the linear regression lines for cataract and normal lenses appear to converge at about age 120. In the earliest years at which age-related cataract occurs, between 40 and 50, there was approximately 1.5% more D-Ser in the proteins in the centre of cataract lenses compared with normal. This equates to about 40% increase in Ser racemisation in the cataract lens proteins when compared to the normals in this decade. Thr D-Thr showed a significant increase with age in the normal lenses at a rate of 0.13% per decade (Fig 4) . As was found with Ser and Asx, there was a significant increase in the D-form in the first decade of life which subsequently became linear. The data for the cataract lenses was more scattered, possibly due to the fact that D-Thr was less well resolved than the other amino acids and it eluted as a shoulder on Gly. As indicated by the line of best fit, there was a statistically significant difference in the levels in cataract lenses compared with normal lenses.
For the following amino acids, no significant difference between cataract and normal lenses was observed and only the D-amino acid data from normal lenses are shown.
Glx
The values for racemisation of Gln and Glu in lens proteins were much lower than for those of Asx (Fig 5) . No significant racemisation was observed from birth to the early forties in normal lenses, with only a very small increase detected thereafter (0.017% per decade).
Phe
There was a very slight increase in the proportion of D-Phe with age in normal lenses (Fig 6) .
Leu and Ala
There was no significant increase in the proportion of D-Leu or D-Ala with age in normal (two sided p=0.908 and p=0.269, respectively) lenses (Figs 7 and 8 ).
Heating of intact lenses
In order to determine if the increase in the racemisation of amino acid residues observed in human lenses as a function of age could be reproduced in the laboratory, intact pig lenses were exposed to thermal stress. Lenses were incubated at 60°C for a total of 16 days and the results for D-Asx and D-Ser are depicted in Fig 9. As can be seen, both amino acids racemised over time in a linear manner with the 
Discussion
One of the major findings of this study was that several amino acids were racemised in proteins from normal human lenses and that the extent increased progressively with age. Furthermore, the levels were significantly elevated in cataract lenses. Asx and Ser, in particular, showed substantial age-dependent racemisation. This is the first report of D-Ser in lenses, although it increases with age in articular cartilage and dentin (Stabler et al. 2009 ). On average, the total number of racemised Asx, Ser and Thr residues in crystallins from a 70-year-old normal lens, amounted to two or three D-amino acids per polypeptide chain. Glx and Phe were also racemised, but to a smaller degree. This extent of inversion is very likely to induce significant denaturation of crystallins in aged lenses. These data are summarised in Table 1 . By contrast, Leu and Ala (Figs. 7 and 8), as well as Val and Ile (data not shown), displayed no significant age-dependent racemisation. In cartilage, levels of D-Leu were reported to increase slightly with age (Stabler et al. 2009 ). Asn/Asp displayed the greatest level of racemisation. The amount of D-Asp in normal human lens proteins increased linearly with age, from teenage years onwards, and thus could be used indirectly to date human lenses. It is therefore one of few indices that can be shown to change in a constant manner with human age. In normal lenses, the level of D-Asp increased until it reached more than 9% of total Asp/ Asn content at age 70. Our data agree well with those of Masters et al. (1977) who found D-Asx to accumulate in proteins of normal lenses at a rate of 0.14% per year. The data are also in agreement with studies from Fujii's laboratory who elucidated sites on alpha crystallins (Fujii et al. 1999b; Nakamura et al. 2008 ) that are particularly susceptible to racemisation of Asp. Since the vast bulk of protein in the lens is made up of crystallins (Harding 1991) , it was possible to convert this figure to an average number of residues per polypeptide chain, assuming that all crystallins were affected equally. This calculation showed that 1.1-1.8 Asp/Asn residues were racemised per polypeptide in a 70-year-old person (Table 1) . This factor alone is likely to lead to significant protein denaturation, especially since the process which leads to racemisation of Asp via a cyclic intermediate can also generate three isoaspartyl residues for each altered Asp residue (Capasso and Di Cerbo 2000) . The values shown in Table 1 illustrate the quantitative importance of this process for the aged lens; however, it should be noted that different proteins, and regions within them, very likely behave differently in terms of their susceptibility to racemisation, so the values must be considered as estimates only.
Although Asp, as indicated by the literature (Ritz-Timme and Collins 2002) , was the most highly racemised amino acid, significant levels of other amino acid residues were also racemised. Serine was (Robinson and Robinson 2004) . Such processes involve the formation and cleavage of cyclic amides that incorporate the peptide bond immediately N-terminal to the Asn or Gln residue. This results in deamidation as well as racemisation and the formation of isomers such as isoAsp (Geiger and Clarke 1987) . Recent data show that approximately equal numbers of deamidated Asn and Gln residues are present in older lens crystallins (Hains and Truscott 2010) , so such a cyclisation pathway may operate in human crystallins. Measurable levels of D-Glx were detected and they increased with age (Fig 5) in normal lenses, however the levels were much lower than those for Asx. D-Phe was also quantified however its levels were also tiny by comparison with Ser and Asx.
As noted above, D-Ser levels were second only to those of D-Asp. By age 70, almost 5% of total Ser in lens proteins was in the D-form (Fig 3) . The mechanism for this is not yet known. It could involve dehydroalanine as an intermediate (Cloos and Jensen 2000) and there is indirect evidence that dehydroalanine is formed in older lens proteins (Linetsky et al. 2004) . Another process could potentially involve the hydroxyl side chain of Ser in a nucleophilic attack on the adjacent peptide bond (Paulus 2000) . We are currently exploring this with model peptides. Interestingly, the rate of formation of D-Ser (Fig 3) was not linear across the whole age range and in this regard, the appearance of the graph mirrored that of Asp and Thr. Half of the increases in the D-forms occurred in the first 12 years of life. The reasons for this are not yet clear, but may suggest that some Ser, Thr and Asx residues are more susceptible to inversion than others. Asp 151 in alpha A crystallin, which has been identified by Fujii's group as being particularly susceptible to racemisation in human lenses (Fujii et al. 1999b ) may be one such site, since our initial data suggest that it is approximately 25% racemized by age 20. Conformationally, flexible regions, those in the terminal regions of proteins (Di Salvo et al. 1999 ) and those that contain favourable sequences, such as Asx-Gly, may be particularly susceptible to inversion (Radkiewicz et al. 2001) .
Of major importance was the finding that the levels of racemisation were significantly higher in cataract lenses than in age-matched normal lenses. This was true for Ser, Thr and Asx. D-Thr levels were also higher in cataract lenses, however, the data were more scattered. Previously, there has been conflict in the literature concerning the levels of D-Asx in cataract lenses. Initially, Masters et al. (1977) reported elevated levels of Asp in cataract lenses; however, later investigations did not support this (Van den Oetelaar and Hoenders 1989). It is clear from the graphs (Figs 2, 3 and 4 ) that even at the earliest ages at which age-related cataract occurs (i.e. age 40-50 years), that there are statistically elevated concentrations of racemised amino acids compared with normal lenses. Since the overall levels are highest for D-Asp, it is most clearly evident in this case. The percentage of racemisation of Asp/Asn in 40-year-old cataract lenses is approximately the same as that in 80-year-old normal lenses. A similar, but not identical, pattern was seen in the case of Ser. This is a remarkable finding and the D-amino acid graphs (Figs 2 and 3) match those seen for stiffness of cataract and normal lenses . One might conclude that this correlation is evidence for the involvement of racemisation in the aetiology of cataract. In our study, the type of cataract did not appear to influence the degree of racemisation.
One factor which governs the rate of racemisation is temperature (Fujii et al. 1996; Collins et al. 1999) . In model studies using intact lenses, we showed that exposure to elevated temperatures caused significantly raised concentrations of D-amino acid residues (Fig 9) . Thermal energy increases the rate of processes such as keto-enol tautomerisation (Schwass and Finley 1984) that can convert L-to D-amino acids. The 3D structure of individual proteins will affect the rate of racemisation at particular sites. For instance, Asp residues inserted into alpha helical peptides are more prone to racemization than those in beta-sheets, (Kuge et al. 2007 ) and there are conformational constraints on aspartic acid racemization in structured regions of proteins like the triple-helix of collagen (van Duin and Collins 1998) . In intact lenses, elevating the temperature could potentially promote other processes, such as proteolysis, that may in turn affect racemisation. As yet, we do not have information on whether some proteins may be more susceptible to racemisation than others, or the sites involved.
Exposure to body temperature over a period of decades may be responsible for the age-related increase in D-amino acids in normal lenses, but it is less clear what could cause the increased levels of racemisation in cataract lenses. The answer is unknown, but could be related to somatic factors, or to the environment within the lens. Could, for example, the pH be slightly elevated in cataract lenses, since a higher pH is known to increase the rate of racemisation be implicated? It is interesting that body temperature varies significantly between individuals (Sund-Levander et al. 2002) , is raised during infection, and can be influenced by caloric restriction (Roth et al. 2002) . Body temperature at the high end of the normal range, diet and frequency of fevers could be predisposing factors. It is also known that the temperature in the eye can vary dramatically. For example, the lens temperature of a monkey placed in the midday sun rose from 35°C to almost 42°C within 5 min (Al-Ghadyan 1986), whereas in other animals maintained at 4°C, the lens temperature dropped to 28°C (Schwartz 1965) . Such ambient and somatic temperature effects, possibly in combination with the incidence of infection, may explain the much earlier age of onset of cataract in India (Harding 1991) . These aspects will be explored in future studies.
Substantial deamidation of lens proteins has been documented (Wilmarth et al. 2006; Hains and Truscott 2010) and, when coupled with racemisation, is likely to induce significant crystallin denaturation in older human lenses. In agreement with this, the insoluble crystallins that form from soluble proteins in the human lens over time, show elevated levels of both D-Asx (Masters et al. 1977; Garner and Spector 1978) and deamidation (Wilmarth et al. 2006 ). In the case of racemisation, the finding of increased denaturation in insoluble proteins may not be surprising considering the number of D-amino acids present in the crystallins of older human lenses (Table 1 ). The total number ranged from 1.9 to 3.1 per polypeptide chain. It is also possible that other amino acids that we were unable to measure with our assay system may also show agedependent increases in L-to D-transformation with age.
In the elderly, racemisation of amino acids in crystallins of normal human lenses is clearly of major quantitative significance. It is probable that such degrees of inversion may play a role in alterations to the physical properties of older normal lenses such as the huge increase in stiffness that accompanies ageing (Heys et al. 2007) . It is likely that every polypeptide chain in the centre of older lenses is altered and that this will result in conformational changes. Exposure of formerly buried hydrophobic regions in human crystallins may lead to aggregation and the formation of high molecular weight proteins (Buckingham 1972; Truscott and Augusteyn 1977a) and ultimately insolubilisation of crystallins. It is known that the levels of insoluble protein are much higher in nuclear cataract lenses (Pirie 1968; Truscott and Augusteyn 1977a) and this is probably involved in the induction of the lens opacity. It is obviously important to discover why the levels of racemisation are higher in cataract lenses. In future experiments, we plan to investigate sites of racemisation in individual crystallins and in other longlived proteins (Ritz-Timme and Collins 2002) .
Conclusions
Racemisation appears to be the single most abundant modification in the lifelong proteins isolated from older human lenses, and cataract lenses have significantly higher levels of D-amino acids than agematched normal lenses. This is the first report of racemisation of Ser, Thr, Glu/Gln and Phe in the human lens.
A number of conclusions flow from this discovery. Firstly, because cataract and age-matched normal lens proteins differed significantly, racemisation measurements should be used with caution as an indicator of age. For each of the three most highly-racemised amino acid residues, D-Ser, D-Asx and D-Thr, the first decade of life was characterised by a significantly greater rate of racemisation than in later years.
Since exposure of intact lenses to elevated temperature promoted racemisation of amino acids, thermal stress may play a key role in determining the extent of racemisation. Factors, which influence ocular temperature, should be considered as risk factors for agerelated cataract formation.
